Background: The animal ecology literature proposes the view that predation risk induces fear in prey animals, but it is also possible that behavioral and physiological changes induced by predation risk are not associated with fear at all. If we view fear as a state indicated by measurable changes in behavior and physiology caused by threats, then it is valid to search for a link between markers of fearfulness and predation risk. I predicted that domestic fowls (Gallus gallus domesticus) foraging alone, and thus exposed to higher predation risk, would show higher vigilance (a behavioral marker of fearfulness) and lower external body temperature (a physiological marker of fearfulness) than domestic fowls foraging in pairs. These adjustments should become less prominent in the continued absence of threats during a trial. Results: Domestic fowls that foraged alone rather than in pairs showed higher vigilance and lower external body temperature. While external body temperature returned to baseline values during a trial, vigilance unexpectedly increased. The results thus provide mixed support for an association between markers of fearfulness and predation risk. Conclusions: I argue that vigilance is not always a sensitive marker of fearfulness because hunger can keep vigilance low even in risky settings. By contrast, external body temperature varied with group size and time during a trial, suggesting that this marker is more sensitive. Future studies are needed to validate the relationship between markers of fearfulness and predation risk.
Background
Foraging exposes prey animals to threats from predators. Predation risk, the actual probability of attack from predators in a given environment [1] , is associated with several behavioral and physiological changes in prey animals [2, 3] . At the behavioral level, prey animals can allocate more time to vigilance to gather information about potential threats and detect them more quickly [4] . At the physiological level, threats can initiate changes within seconds. The release of norepinephrine, for instance, induces a rapid increase in heart rate [5] . These short-term changes allow prey animals to focus their attention on threats and prepare their body for an eventual escape or fight. Other hormones released after a threat, such as glucocorticoids, produce their effects later and can be present for days [6] .
The animal ecology literature proposes the view that predation risk induces fear in prey animals, and the aforementioned behavioral and physiological adjustments represent responses to fear [3, 7, 8] . The term fear is used evocatively because it is rarely measured empirically in this literature. In addition, it is not clear whether prey animals experience fear the same way that humans do [9] . Some researchers even argue that many changes in prey behavior and physiology in response to predation risk need not imply fear at all [10] . Nevertheless, if we view fear as a state indicated by measurable changes in behavior and physiology caused by current or anticipated threats [11, 12] , then it is valid to search for a link between markers of fearfulness and predation risk.
To track the relationship between fearfulness and predation risk, it is important to identify ecological contexts associated with marked changes in predation risk. Group size is one of the main factors affecting predation risk for prey animals that forage in groups [13, 14] . Group foragers benefit from the multiplicity of senses available to detect predators. In addition, other group members dilute the risk of capture if the predator can only capture one individual during an attack [15] , thus leading to reduced predation risk in groups. In addition to group size, predation risk is also expected to vary on a temporal basis as more information about predators becomes available [16, 17] . If prey animals regularly update their information about predation risk over time, the continued absence of threats might indicate a lower predation risk [18, 19] . If fearfulness is associated with predation risk, markers of fearfulness should match variation in predation risk induced by changes in group size and track temporal changes in predation risk.
In order to identify the links between fearfulness and predation risk, it is also pertinent to examine the efficacy of fearfulness markers. One putative marker of fearfulness is vigilance. Vigilance represents an allocation of time to monitor the surroundings for signs of current or anticipated danger [4] . Vigilance can be directed at predators or competitors within the group. As vigilance often detracts from the ability to acquire resources, costly vigilance should be indicative of the level of fear experienced by animals [20] . Consistent with expectations of reduced fearfulness in group settings, individuals in many species of birds and mammals decrease their investment in vigilance as group size increases [21, 22] . Nevertheless, vigilance does not always match the degree of threat from predation [23, 24] and, thus, is a likely less sensitive marker of fearfulness.
Another putative marker of fearfulness is external body temperature. During the rapid reaction to threats, blood flow is diverted to internal organs, which often leads to a decrease in temperature at the body surface [23] . A decrease in external body temperature has been shown in response to various stimuli in animals including air puffs [24] and handling [25] . Temperature in the eye area also responds to handling [24, 26] , the administration of air puffs [27] or hormone injection [28] . External body temperature at various locations on the body might thus be a convenient physiological marker of fearfulness, but it has not been linked thus far with correlates of predation risk.
I aimed to determine whether vigilance and external body temperature tracked changes in predation risk over time and in groups of different sizes. Few studies have shown whether markers of fearfulness other than vigilance match changes in predation risk. To this end, I combined behavioral observations and thermal imaging to examine changes in vigilance and external body temperature in domestic fowls (Gallus gallus domesticus) that foraged alone or in pairs. Domestic fowls have bare patches on the comb and cheeks, which allow us to get precise measurements of external body temperature without interference from feathers. I predicted that domestic fowls foraging alone would show higher vigilance and lower external body temperature than those foraging in pairs. These adjustments should become less prominent during a trial in the continued absence of threats. These relationships should not prevail if fearfulness and predation risk are not associated, if these specific markers of fearfulness are not sensitive to variation in predation risk over time or in groups of different sizes or if fear was not successfully induced.
Methods

Subjects
Twelve adult female domestic fowls of a layer breed served as experimental subjects. These birds were obtained from a commercial hatchery and raised together from day old in the same indoor pen. Colored rings on the legs allowed individual identification. Subjects were kept in a 3x3x3 m indoor pen under a 13 L:11D photoperiod regime. This pen connected through a small door to a similar sized covered outdoor pen exposed to natural light. The wire mesh on the outdoor pen allowed visual and auditory contact but no direct interaction with potential threats including foxes, dogs, cats, and hawks. Perches, patches for dust bathing, water, and a commercial layer feed were available at all times. Prior to the experiment, all birds had extensive experience with feeding in groups of various sizes in the outdoor pen.
Experimental procedure Thermal imaging
This phase took place in two consecutive parts. The first part in the indoor pen established baseline external body temperature in a group setting while the second part documented changes in external body temperature when hens foraged alone in the outdoor pen. For the first part, I removed food for 3 h in the morning to increase feeding motivation. During the last half hour of food deprivation, I introduced the thermal imaging camera (Flir™ E40) to allow birds to get familiar with the equipment. I then took images of the head of each individual in a previously established random order. I took images as individuals walked around the indoor pen and positioned the camera at about 1 m from the head of each bird.
Immediately after taking all images, I tested individuals singly in the outdoor pen in a previously established random order. Each individual in turn was caught and transferred to the outdoor pen using the trap door. Birds were familiar with this procedure, and it took less than 10 s to catch, handle, and release a bird in the outdoor pen. The handling phase lasted about 5 s. One min after transferring one bird to the outdoor pen, I removed the cover over the food patch located there to signal the beginning of a food trial. Individuals immediately started to feed and the trial ended 3 min later. During the trial, I took images of the head of each bird from a distance of about 1 m. It proved difficult to obtain sharp images of the head during the short vigilance bouts. Therefore, I took images of the individuals when they fed head down. I took one image at the beginning of the trial and another during the last minute of the trial. After completion of a trial, I returned the bird to the indoor pen.
I repeated the full procedure on a second day, but this time after taking images of the birds in the indoor pen, I tested them in the outdoor pen in randomly formed pairs. The two trials thus produced paired observations (indoor-outdoor) for two different group sizes. Ambient temperature differed on the two days of thermal imaging by several degree Celsius. Indoor and outdoor temperatures on a given day, however, differed by less than one degree Celsius and relative humidity was similar.
Handling effect
Handling can cause transient changes in external body temperature [24, 29] . To determine how long these effects persisted, I carried out an experiment in which I took images of the head of each bird in the indoor pen before and shortly after capture and handling. After capture, each bird was held for 5 s (the typical handling time in the previous thermal imaging study) and then released on the ground after which a second image was taken (delay to obtain a sharp image ranged between 18 and 130 s with a median of 33 s).
Vigilance
I evaluated vigilance in the outdoor pen in single birds on one day and in pairs on another day. I kept the same testing order and formed the same pairs as in the thermal imaging trials. Prior to testing, I removed food in the morning in the indoor pen for 3 h to increase feeding motivation. Individuals were moved as before to the outdoor pen for food trials. Trials lasted 3 min and were videotaped at a distance of about 1 m.
Data collection Temperature measurements
For each thermal image, I obtained external body temperature measurements at three different positions: the base of the comb near the middle of the head, the eye, and a bare patch on the cheek (Fig. 1) .
Vigilance measurements
During food trials, all birds handled the crumbly feed in the head down position, from which I assumed that feeding interruptions represented vigilance. I played videos one frame at a time (1 frame = 33 ms) to get the timing and duration of each vigilance bout. For the duration of a vigilance bout, I counted the number of frames between the moment the hen maintained the bill at the horizontal level after raising its head from the food patch and the moment the hen started to peck at food. At the end of a trial, I obtained the frequency of vigilance bouts (number of vigilance bouts per min), the geometric mean duration of all vigilance bouts (durations were right skewed), and the total time spent vigilant in a trial expressed as a percentage of trial duration.
Statistical analyses Temperature
Because external body temperature varies with ambient temperature in domestic fowls [30] , I analyzed external body temperature measurements in the outdoor pen using the percentage change from the baseline measurements obtained in the indoor pen. For each bird, I thus calculated the difference between the temperature at one body position (comb, eye or cheek) in the outdoor pen and the temperature at the same position obtained minutes earlier in the indoor pen on the same day. This difference was then expressed at a percentage of the indoor measurement. Negative values indicate a decrease in relative external body temperature in the outdoor pen with respect to baseline. For each body position, I used a linear mixed model with group size (1 and 2) and timing of the external body temperature measurement (early or late in the trial) as within-subject factors. I relied on t-tests based on model least-squares means to determine whether the mean percentage change was significantly different from 0 adjusting the alpha level downward with the Benjamini-Hochberg procedure. For the effect of handling, I used a paired t-test to compare external body temperature at each body position before and after handling.
Vigilance
For the effect of group size on the three measures of vigilance, I used mixed linear models with bird id as a random factor and group size as a fixed factor. I used the delay (in minutes) from the onset of testing on a given day to the start of a trial as a co-factor to control for potential unevenness in feeding motivation across trials carried out successively on a given day. To normalize distributions, I used the logit transformation for time spent vigilant and the logarithm base 10 transformation for the frequency and duration of vigilance bouts.
To examine changes in vigilance as a function of time during a trial, I obtained the timing and duration of each vigilance bout and the timing and duration of each feeding bout during each trial. To examine how the duration of these bouts changed during a trial, I used a linear mixed model with the logarithm base 10-transformed duration of a bout as the dependent variable, the timing of that bout in the trial (in seconds) as a co-factor, and group size as the independent variable. Bird id and bird id nested within group size served as random factors to control for autocorrelation. Least-squares means (SEM) in the transformed units of analysis are shown below.
Results
Temperature
When birds foraged alone, external body temperature at the onset of a food trial was lower than at baseline for the comb (t test: t 11 = − 3.7, P = 0.002), the eye (t test: t 11 = − 3.8, P = 0.003), and the cheek (t test: t 11 = − 4.4, P = 0.001) (Fig. 2) . Later in the trial, external body temperature returned to baseline values for the comb (t test: t 11 = − 1.9, P = 0.09), the eye (t test: t 11 = − 0.66, P = 0.52), and the cheek (t test: t 11 = − 0.76, P = 0.46). When birds foraged in pairs, external body temperature at the onset of a food trial did not differ from baseline for the comb (t test: t 11 = − 1.1, P = 0.28), the eye (t test: t 11 = − 1.2, P = 0.27) or the cheek (t test: t 11 = − 2.7, P = 0.022; not significant after the adjustment) (Fig. 2) . Later in the trial, the external body temperature remained at baseline values for the comb (t test: t 11 = 0.23, P = 0.82), the eye (t test: t 11 = 2.4, P = 0.037; not significant after the adjustment), and the cheek (t test: t 11 = 1.3, P = 0.22).
Brief handling did not cause any significant changes in external body temperature for the comb (Paired t test: t 11 = 0.46, P = 0.66), the eye (Paired t test: t 11 = − 1.1, P = 0.31) or the cheek (Paired t test: t 11 = 1.2, P = 0.25; Fig. 3 ). The duration of a vigilance bout increased during a food trial (ANOVA: F 1,374 = 18.7, P < 0.0001; Fig. 4 ) with no overall effect of group size (ANOVA: F 1,9 = 0.42, P = 0.53). The pattern of increase was not statistically different in the two different group sizes (ANOVA: F 1,374 = 1.13, P = 0.29). The duration of a feeding bout did not vary during a food trial (ANOVA: F 1,398 = 1.5, P = 0.23; Fig. 4) , but was lower when birds foraged alone rather than in pairs (ANOVA: F 1,9 = 25.7, P = 0.0007; Fig. 4) . The effect of group size did not change during the duration of a trial (ANOVA: F 1,398 = 1.8, P = 0.18). Together, these results show that birds maintained more vigilance alone than in pairs, and became more vigilant later in a food trial.
Discussion
Domestic fowls that foraged alone rather than in pairs showed higher vigilance and lower external body temperature during the early phases of a food trial. Later in a trial, external body temperature for solitary birds returned to baseline values despite an increase in vigilance. The results thus provide mixed support for an association between markers of fearfulness and predation risk.
A decrease in vigilance as group size increases has been noted in many species of birds and mammals [21, 22] , including domestic fowls in a recent study [31] . Extra vigilance in smaller groups is costly for domestic fowls because feeding interferes with vigilance although some vigilance might be carried out while feeding [32] . This adjustment is vigilance is thus compatible with a food-safety trade-off. However, predation risk is not the only factor that can cause changes in vigilance in response to variation in group size [33] . As feeding competition increases in larger groups, models show that a decrease in vigilance is adaptive to increase the relative share of limited resources, and competition alone might explain why vigilance decreases with group size [33, 34] . Nevertheless, if competition acted alone, it is not clear why external body temperature would change at all (fear is not involved) and why it would increase as a trial progressed in solitary birds that are not competing at all. I conclude that variation in predation risk must be involved in the responses to changes in group size. Changes in vigilance occurred as a food trial progressed suggesting dynamic adjustments in the trade-off between food and safety. Birds in this study allocated more time to vigilance in the later phases of a trial mainly by increasing the duration of vigilance bouts. Models typically predict a decrease in vigilance in the continued absence of threats over time [18, 19] , and there is some support for this prediction [35] [36] [37] [38] . However, domestic fowls showed the opposite pattern. A simple explanation is that birds became more vigilant because they were less hungry as the food trial progressed. State-dependent models of vigilance predict that more satiated animals should allocate more time to vigilance [39] , which is in line with the present findings.
External body temperature proved sensitive to variation in group size at three different body positions. Earlier studies with domestic fowls subjected to handling or air puffs showed that external body temperature decreased substantially in these areas [24, 40] . Studies with other species also showed that external body temperature measured at different positions can decrease considerably in handled animals [26, 28] . Here, I showed that foraging alone was sufficient to decrease external body temperature by about 3 degree Celsius in the comb area and by about 1 degree Celsius in the eye area and the cheek. These changes in external body temperature reflect the effect of group size rather than handling because brief handling did not cause any short-term changes in external body temperature. In this study, the presence of only one companion was sufficient to bring back external body temperature to baseline values. External body temperature also increased during a trial in solitary birds, which is in line with the prediction that predation risk should become lower in the continued absence of threats during a trial.
Several physiological factors can alter external body temperature irrespective of predation risk. I corrected the effect of ambient temperature by using the percentage change from baseline. There were little changes in temperature between indoor and outdoor pens for each test, and all tests took place at the same time of day, ruling out circadian effects on body temperature [41] . Digestion can increase core body temperature in domestic fowls [41] , but it should lead to a decrease and not an increase in external body temperature if any digestion took place at all over the brief trials. Head position of the birds varied between temperature measurements at baseline (head up) and during food trials (head down). In a previous study with domestic fowls, head position did not influence external body temperature in the comb area [24] . Eye temperature, however, was slightly higher when birds fed head down, which could potentially explain the smaller effect size of group size at that position. Nevertheless, changes in head position cannot explain temporal trends in external body temperature during a trial because all measurements in food trials were taken head down. Recent work suggests that anticipation of a reward, such as food in the present study, can cause a significant drop in external body temperature [42] . Because all birds, whether alone or in pairs, expected a food reward, this theory cannot explain why individuals in pairs did not show the same drop in external temperature Fig. 4 Changes in the duration of feeding bouts (interscan duration) and of vigilance bouts (scan duration) as a food trial progressed in hens that foraged alone or in pairs. Lines show loess curves to illustrate general temporal trends. The shaded area around each line shows the 95% confidence interval as solitary birds. From this, I conclude that changes in external body temperature reflected primarily the effect of group size, and that the fearful state changed in dynamic fashion over a food trial.
The two markers of fearfulness were not consistent in their indications. Solitary individuals increased their vigilance during a trial, but their external body temperature returned to baseline values. Similar inconsistencies between vigilance and physiological markers of fear, such as heart rate and glucocorticoid production, are common in the literature (see [43] for a review). Here, I argue that vigilance measurements did not always match predation risk because domestic fowls were hungry, and vigilance in the early part of a trial interfered with the acquisition of resources.
While vigilance can be simpler to document in the field than physiological measurements, this study shows that vigilance might not always be sensitive to variation in predation risk. External body temperature, by contrast, closely matched predation risk, as manipulated by variation in group size, and tracked temporal variation in predation risk. External body temperature as a marker of fearfulness should be further evaluated in other species and in other contexts known to affect predation risk to determine its sensitivity and specificity.
Thermal imaging proved useful to track changes in external body temperature in unrestrained live birds, and should be considered in future studies. Although other species may not have areas on the body as convenient to record temperature as the patches without feathers in domestic fowl, results from this and other studies show that eye temperature can be a good marker. While it might be difficult to approach timid animals to get close-up images, it is possible to get individuals to approach the camera on their own to obtain temperature measurements [44] .
Conclusions
Variation in predation risk induced changes in two putative markers of fearfulness, with external body temperature being more sensitive than vigilance. At least with respect to responses associated with temporal changes and variation in group size, I infer that an increase in predation risk was reflected by greater fearfulness.
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